Abstract. The expansion of tropical forest into savanna may potentially be a large carbon sink, but little is known about the patterns of carbon sequestration during transitional forest formation. Moreover, it is unclear how nutrient limitation, due to extended exposure to firedriven nutrient losses, may constrain carbon accumulation. Here, we sampled plots that spanned a woody biomass gradient from savanna to transitional forest in response to differential fire protection in central Brazil. These plots were used to investigate how the process of transitional forest formation affects the size and distribution of carbon (C) and nitrogen (N) pools. This was paired with a detailed analysis of the nitrogen cycle to explore possible connections between carbon accumulation and nitrogen limitation. An analysis of carbon pools in the vegetation, upper soil, and litter shows that the transition from savanna to transitional forest can result in a fourfold increase in total carbon (from 43 to 179 Mg C/ha) with a doubling of carbon stocks in the litter and soil layers. Total nitrogen in the litter and soil layers increased with forest development in both the bulk (þ68%) and plant-available (þ150%) pools, with the most pronounced changes occurring in the upper layers. However, the analyses of nitrate concentrations, nitrate : ammonium ratios, plant stoichiometry of carbon and nitrogen, and soil and foliar nitrogen isotope ratios suggest that a conservative nitrogen cycle persists throughout forest development, indicating that nitrogen remains in low supply relative to demand. Furthermore, the lack of variation in underlying soil type (.20 cm depth) suggests that the biogeochemical trends across the gradient are driven by vegetation. Our results provide evidence for high carbon sequestration potential with forest encroachment on savanna, but nitrogen limitation may play a large and persistent role in governing carbon sequestration in savannas or other equally fire-disturbed tropical landscapes. In turn, the link between forest development and nitrogen pool recovery creates a framework for evaluating potential positive feedbacks on savanna-forest boundaries.
INTRODUCTION
The transition from tropical savanna to forest in fireprotected areas is potentially a large carbon (C) sink. However, we have little empirical data on the process of ecosystem C accumulation, in spite of multiple lines of evidence that point to the currently large and increasing role of savanna ecosystems in tropical C sequestration. Savannas occupy a large area of the tropics and contain a substantial amount of C in vegetation and soils (Scurlock and Hall 1998, Grace et al. 2006) . Additionally, forest development is possible over a large area of mesic landscapes that are currently savanna (Staver et al. 2011) . There is evidence of both historic (Mayle et al. 2000 , Silva et al. 2008 ) and current forest expansion, particularly under fire suppression (Moreira 2000, Durigan and Ratter 2006) . If the trend in forest development becomes widespread due to fire suppression or increasing CO 2 , there may be substantial increases in the tropical C sink.
Although an increase in aboveground woody C is ubiquitous, whether or not forest development will result in increased belowground C is less clear. Positive correlations between afforestation and soil organic carbon stocks in abandoned land in the tropics (Don et al. 2011) suggest that woody encroachment in savanna may produce comparable patterns and increase total ecosystem C stocks. However, studies have found soil and root C to either decline (Jackson et al. 2002 , Berthrong et al. 2009 ) or increase (Johnson and Wedin 1997, Reich et al. 2001 ) with woody encroachment on grasslands; consequently, the actual response seems to be context dependent, i.e., agricultural abandonment vs. ''natural'' woody encroachment into grassland or savanna (Don et al. 2011) , and needs to be quantified for savanna-forest transitions. Most studies on this process in savanna have simply compared total C stocks in savanna with nearby woodlands (e.g., Woollen et al. [2012] ) and few have investigated more fine-scale indicators of biogeochemical changes during the process of forest formation. On the other hand, the low nutrient availability characteristic of savanna landscapes and possible feedbacks between fire-driven nutrient losses that lead to inhibited tree growth rates and a sustained low tree cover and flammable landscape may restrict the development of forests (Hoffmann et al. 2012 ) and the resulting increased C stocks. Nutrient losses during and following disturbances in tropical landscapes can be substantial (Uhl and Jordan 1984) ; subsequently, carbon sequestration in recovering tropical landscapes can be strongly nutrient limited (Campo and Va´zquez-Yanes 2004) . In savanna-forest transitions, the potential role of nutrient limitation is especially relevant in South America, where historic forest encroachment into savanna seems to have been extensive (Oliveira-Filho and Martins 1991 , Mayle et al. 2000 , Silva et al. 2008 but occurs on nutrient-poor soil (Ratter et al. 1978, Durigan and Ratter 2006) . Accordingly, primary production increases with nutrient addition in Neotropical savannas (Kozovits et al. 2007 , Bustamante et al. 2012 . Fire-driven nutrient losses, especially of nitrogen (N), are thought to be a dominant mechanism driving nutrient limitation; consequently, repeated volatilization of N may place additional constraints on forest development and subsequent C accumulation (Dezzeo et al. 2004, Dezzeo and Chaco´n 2005) . However, soil N stocks in forests bordering savanna landscapes are significantly larger than soil N stocks in savanna landscapes, and are comparable to mature tropical forests (Dezzeo et al. 2004, Dezzeo and Chaco´n 2005) , which is suggestive of biogeochemical recovery when fire is excluded and forests develop.
In lowland tropical rainforests, the high resilience of the N cycle in secondary forests suggests that natural processes can overcome N limitation with forest recovery, as evidenced by landscapes switching from having a conservative (i.e., low in N supply relative to demand with high recycling efficiency) to loose (i.e., high in N relative to demand with low recycling efficiency) N cycle with forest development (Davidson et al. 2007 ). It is not clear, however, whether savanna-forest transitions share this resilience, since the evidence for highly resilient N cycles has been on landscapes that have lost little to no total N, in contrast to savanna landscapes that tend to be highly depleted in total N relative to nearby fire-protected forests (Dezzeo et al. 2004, Dezzeo and Chaco´n 2005) . Subsequently, the process of changes in N availability during savanna-forest transitions may be more restricted and lead to slow C accumulation rates.
We studied the accumulation of C and N during the transition from savanna to forest by quantifying biogeochemical pools over seven plots that represented a gradient in forest development on similar soil types.
We first addressed the question of what the magnitude of C pool accumulation is during biome transitions from savanna to forest after extensive exposure to frequent fires. We combined these data with measurements of total N and plant-available N to address the second question of whether changes in the N pools follow trends similar to the C pools. Finally, we measured foliar and fine-root C, N, and d 15 N across woody species, compared soil nitrate concentrations and nitrate to ammonium ratios, and the natural abundance of d 15 N to ask if is there a large shift in the N cycle indicative of changes in N limitation during forest formation. These questions were used to infer what role biome transitions from savanna to forest may play in C sequestration and to identify patterns in the recovery of the N cycle during the transition.
METHODS

Plot description
All measurements were made in July of 2012 within protected reserves in the cerrado region of Brazil (see (Parron et al. 2011) . Study plots were on dystrophic soils, typical of the cerrado ecosystem. Uppermost soil layers (0-12 cm) have a pH of around 5, high exchangeable aluminum (100-200 mg Al/kg soil), low exchangeable calcium and potassium (22-30 mg Ca/kg soil, 64-70 mg K/kg soil; Haridasan 1992), and low P (1-4 mg P/kg soil in a Mehlich extract of top soil; Hoffmann et al. 2009 ).
The whole landscape was used for extensive grazing from the 1910s until the late 1950s, during which it was managed with burning at approximately two-year intervals (B. Dias, personal communication) but also exposed to frequent wildfires. Aerial photos taken at the time of the formation of the reserves show that most of the reserve was in a similar vegetation state in the early 1970s: open savanna, in the physiognomy class of cerrado sensu stricto with similar woody cover. However, since the 1970s, parts of the two reserves have been managed under distinct fire regimes, which resulted in a mosaic of woody cover. Burning continued to occur frequently over most of IBGE until 1973 and the JBB until 1987 . In 1992, a fire experiment was initiated at the boundary between the reserves, while occasional fires burned portions of both reserves from 1994 to 2012, providing a diversity of fire histories that are associated with the variation in tree density (detailed description in Table 1 ).
The variation in woody cover on the plots sampled here is mostly due to variation in fire protection since the 1950s. Consequently, the gradient in tree cover represents a transition from savanna to forest (Table 1 ; Appendix A). We selected seven plots that varied in both time since last fire and number of fires since 1990, with five in IBGE and two in JBB. We conceptualized the plots as a gradient in forest formation against a background of decreasing occurrence of fires since the 1970s, where the plots with more tree cover are the result of lower fire frequencies and longer time since last fire. However, these plots do not represent a strict ''timesince-fire'' gradient, because of occasional fires that took place even after fire exclusion measures were taken. We intentionally avoided forests occurring in riparian areas (i.e., gallery forests) due to the confounding variables of different water table depths, topography, and underlying soil types.
All plots were on well-drained, highly weathered oxisols on landforms known for deep soil (.15 m), and are not likely to vary in underlying edaphic factors due to variation in underlying bedrock or topography. Nevertheless, to control for any underlying variation in soils that could influence woody biomass trends we also measured replicate soil cores at 10-15 cm intervals down to 1 m at each plot. Across all plots, we quantified C and N in aboveground and belowground vegetative biomass, the litter layer, the top soil (0-5 cm), and the middle soil (5-15 cm) layer pools.
Vegetation pools
Aboveground woody vegetation at each plot sampled was quantified with two or three 50 3 2 m transects. Along each transect, the diameter of all woody plants .2 cm in diameter (measured at 30 cm height) was recorded. When possible, individuals were identified to species. Known allometric equations for cerrado tree species were used to estimate aboveground woody and foliar biomass (Delitti et al. 2006 ). To our knowledge, allometry for belowground biomass of individual cerrado savanna trees does not exist so total plot belowground biomass (BGB) was estimated from the total aboveground biomass (AGB) using the following allometric equation: BGB ¼ 0.489AGB 0.89 (Mokany et al. 2006 ). The equation is based on a meta-analysis including tropical savannas and woodlands.
Aboveground herbaceous biomass was measured by clipping herbaceous vegetation at five 2500 cm 2 quadrats chosen at random within each plot. Total fine roots were sampled by measuring all roots ,2 mm that were removed from five cores of soil (5 cm in diameter) taken to a depth of 15 cm within each plot. All tissue was dried at 608C until mass was constant.
Tree biomass measurements were transformed into total woody C and N pools using average wood C (45%) and N (0.58%) values from wood samples of 11 cerrado tree species sampled across the reserves (Appendix B). Foliar pools were calculated using average foliar C and N concentrations of full sun leaves measured in four cerrado species that occurred across the plots (Schefflera macrocarpa, Myrsine guianensis, Myconia fallax, and Dalbergia miscolobium, where D. miscolobium is an Nfixing legume [Sprent et al. 1996] ). Herbaceous pools were calculated using previously determined percentage of C and percentage of N values for grass in cerrado (47% C and 0.54% N [Kauffman et al. 1994] ) combined with the dry biomass measured in this study. Measured fine-root C and N concentrations were multiplied by fine-root biomass in each plot to estimate fine-root pools. Each sample was dried at 608C for 72 hours, finely ground, and analyzed on a Costech Elemental Analyzer (NC 2500; Costech Analytical Technologies Inc., Valencia, California, USA) for total C and N.
Litter and soil pools
Total litter C and N pools were measured by harvesting all senesced leaf litter above the organic horizon within five 2500-cm 2 quadrats randomly placed in each plot. These samples were then dried at 608C for 72 hours and weighed to determine total mass. At six , and cerrado denso is dense savanna. Exclusion indicates that plots were not actively burned, though accidental wildfires did occur; biennial denotes burns every two years. Two metrics that were used to classify the stage in forest formation were time since last fire event and number of fires since the early 1990s.
additional locations in each plot, two adjacent samples of the litter layer were taken, hand-homogenized, and immediately extracted in 50 mL 2 mol/L KCl for analysis of inorganic N. Samples were extracted for 18 hours, filtered through Whatman 41 filter paper, and then pushed through a 1-lm filter (Acrodiscs; Pall Corporation, Port Washington, New York, USA). All samples were stored in clean 30-mL Nalgene bottles and kept frozen until analysis.
At three randomly selected points within each plot, soil samples from the top and middle layers were taken. Within each layer, the three cores were physically mixed and processed through a 200-lm sieve to remove all roots. This process was repeated in each plot to yield two samples for analytical analysis within each plot.
To compare underlying edaphic characteristics we used a soil auger to sample along a soil profile at seven depths centered at 25, 50, 60, 75, 80, 90 , and 100 cm at three randomly selected locations in each plot. The three samples of each depth were mixed thoroughly for a composite sample. Because the auger was 10 cm in length, the soil samples were from the sections of 20-30, 45-55, 55-65, 70-80, 75-85, 85-95 , and 95-105 cm. These deeper soil layers were not included in the comparison of total pool size across the gradient and were only used to test for variation in underlying edaphic differences in soil type that may have influenced vegetation and C and N in the upper soil layers.
Only the top and middle soil layers were analyzed for inorganic N. Soil samples were sieved in the field and immediately placed in 50 mL 2 mol/L KCl, and were processed for inorganic N in the same way as the litter samples. Inorganic N was analyzed colorimetrically on an Astoria Analyzer (Astoria-Pacific International, Clackamas, Oregon, USA). Ammonium-N was analyzed using the alkaline phenol method with a detection limit of .1 ppb (method used in Houlton et al. [2007] ). Nitrate-N was analyzed using the cadmium reduction method (Alpkem method P/N 000623, O/I Analytical, College Station, Texas, USA), with a detection limit of .5 ppb. Another portion of the sieved soil was analyzed for soil moisture by drying sieved soil at 808C for 72 hours. The remainder of the soil was dried at 608C for 72 hours and weighed to determine bulk density. Subsets of the dried litter samples and all the soil samples were analyzed for total C and N and d 15 N via combustion on an EA-IRMS (Delta V Advantage; Thermo Scientific, Waltham, Massachusetts, USA). Vegetation samples from plots one and seven were also analyzed for d 15 N. Soil pool size was calculated for the top and middle layers by multiplying soil bulk density, corrected for moisture content, by the total volume to generate an expression for soil dry mass per square meter at both 0-5 cm and 5-15 cm depths. Total C and N pools were calculated by multiplying percentage of C and percentage of N by the total soil pool size. Inorganic N was expressed as NO 3 À -N and NH 4 þ -N per dry soil mass and multiplied by total soil pool size to estimate total inorganic-N pools. Litter C and N pools were calculated in a similar way, but using total litter mass per square meter rather than bulk density.
Metrics for nutrient limitation
To test for changes in the N cycle, we used four metrics shown to be indicative of relative N availability. 15 N in fully exposed sun leaves across four abundant tree species and total fine roots sampled from 0-15 cm depth. The final metric, used to detect broad changes in the N cycle, was d 15 N isotope ratios of litter, and the top and middle soil layers. The justifications of these metrics are explained in detail in Discussion in parallel with our interpretation of our results.
Data analysis
We used our estimates of woody biomass as a quantitative measure of relative forest development. To examine changes in other variables during stand development, woody biomass was then used as a predictor variable. Linear regressions were performed on log-transformed data averaged from nested withinplot samples. Regressions were performed in R (R Development Core Team 2010). These regressions established relationships between measured dependent variables (e.g., soil and litter pool sizes, foliar N, etc.) with forest development. We inferred that these relationships are indicative of the C and N dynamics during forest development following a decrease in fire frequency on savanna. Paired comparisons of foliar and root percentage of N, C:N ratios, and d 15 N between the most developed and least developed plots were analyzed using a two-tailed t test (foliar data were analyzed within each species).
RESULTS
The plots spanned a gradient in woody biomass from 6.7 to 219.6 Mg/ha (Table 1) , comparable to savanna and young transitional forest, respectively (Grace et al. 2006) . The qualitative fire history was a consistent predictor of current woody biomass where higher degrees of fire protection resulted in greater woody biomass. At the high-fire-frequency end, the plots that had been repeatedly burned every four years since 1994 had equivalent low amounts of woody biomass (Tables  1 and 2 ). Higher biomass plots with low to intermediate fire frequency, which had only burned occasionally from 1990 to 2012, ranked in order of the number of accidental burns and time since last fire, where the plots with more accidental burns had lower biomass. Finally, the two plots with the highest biomass have been protected from fire for decades but differed in the amount of time since the last fire event. Because of the link between fire history (both time since last fire and number of fires since 1990) and woody biomass, woody biomass was used as a surrogate for stage in forest development to compare the changes in vegetation structure with patterns of C and N accumulation.
Developing forests accumulate significant aboveground and belowground carbon
Total C stored in the litter, top, and middle soil (0-15 cm) nearly doubled over the gradient in forest development (from 37.1 to 69.4 Mg C/ha, Fig. 1 , Table 2 ). Belowground carbon stocks followed a logarithmic relationship with woody biomass, with marked changes in the litter (25-fold increase) and top soil (2.1-fold increase) layers across the gradient (Fig. 1, Tables 2 and  3 ). In the middle soil layer, the highest woody biomass plot had 38% more C than the lowest woody biomass plot, though these changes were only marginally significant (P ¼ 0.053; Fig. 1 , Tables 2 and 3) . Combined with vegetation C, the most developed forest had 4.2-fold more total C than the lowest biomass savanna (179.2 compared to 42.7 Mg C/ha), of which the aboveground woody pool comprised 53% and 5%, respectively. In contrast, herbaceous biomass decreased from 2.2 to 0.004 Mg C/ha across this gradient of increasing woody biomass (Appendix C: Table C1 ).
Parallel accumulation of N with C
Total N in the vegetative pool increased eightfold from 162 to 1487 kg N/ha in the lowest and highest biomass plot, respectively (Appendix C: Table C2 ). Total belowground N increased in the litter, top soil, and middle soil layers, resulting in the highest biomass stand having 68% more N in the litter and soil layers than the lowest biomass plot (3036 vs. 1810 kg N/ha, respectively; Fig. 2, Tables 1 and 2 ). In the litter layer, total N was 50-fold greater in the highest biomass plot than the lowest (152 vs. 3.1 kg N/ha, respectively; Fig. 2 , Table 1 ). Top soil N increased 70% (from 821 to 1424 kg N/ha) and N in the middle soil layer increased, though only marginally significantly (P ¼ 0.052), by 50% (from 985 to 1460 kg N/ha) across the biomass gradient (Fig.  2, Table 1 ).
There was no evidence for underlying edaphic differences in C and N pools. Specifically, there were no changes in C or N pools across the woody biomass gradient for soil depths at or greater than 25 cm (Appendix C: Table C3 and C4, Fig. C1 ). Subsequently, all plot-level calculations for total C and N were restricted to the upper layers, but the implications for the patterns in the deeper soil C and N pools are examined in Discussion.
The litter layer contained the highest concentration of N (maximum of 11.4 mg N/g litter), and both the litter layer and the top soil roughly doubled in %N across the gradient (Fig. 2 , Appendix C: Table C5 ). The concentration of N in the middle soil layer also increased, but less so than the other two layers (Fig. 2 , Appendix C: Table C5 ). Litter C:N ratios decreased almost two-fold with increasing woody biomass (from 85.5 to 51.5), but there was no significant change in C:N ratios in the top and middle soil layers (Table 2, Appendix C: Table C5) .
Total inorganic N was 150% greater in the highest biomass plot (7.05 kg N/ha) relative to the lowest biomass plot (2.82 kg N/ha; Fig. 2C and D, Tables 1 and  2 ). The most pronounced relative change was in the litter layer (increasing from 0.003 to 0.194 kg N/ha, a 56-fold increase) but the most substantial total pool increases Notes: Plot numbers refer to the plots described in Methods. The biogeochemical pools are partitioned into litter, top soil (0-5 cm) and middle soil (5-15 cm) layers, and the combined total (sum of all three pools).
FIG. 1. Relationships between woody biomass and litter
and soil carbon stocks. Regressions were fitted with logarithmic curves. Regression lines indicate only significant correlations (P , 0.05). Note that the replicates within a plot are shown for the presentation of within-plot variance. took place in the top (0.86 to 2.58 kg N/ha, a two-fold increase) and middle (1.96 to 4.28 kg N/ha, a roughly twofold increase) soil layers.
Persistence of a conservative N cycle
The concentration of nitrate did not significantly increase across the gradient, though it did tend to increase in the litter layer. This pattern, however, was not significant (P ¼ 0.08; Fig. 3A , Table 2, Appendix C: Table C6 ). Additionally, there were no significant trends in NO 3 À -N : NH 4 þ -N ratios across the biomass gradient (Fig. 3B , Table 2 ).
There was a significant depletion of 15 N in the middle soil layer (d 15 N of 6.1% and 4.6% in the lowest and highest biomass stand, respectively, Fig. 3C , Table 3 ) and a trend toward depletion in the litter and top soil layer across the gradient, though this was not significant (Fig. 3C, Table 3) .
A paired species comparison between plots with the highest and lowest woody biomass showed no statistical differences in foliar and root N or C:N ratios ( Fig. 4A and B, Appendix D: Table D1 ). Additionally, when expressed as a continuous relationship, only one tree species, Myrsine guianensis, had a significant increase in Notes: All models were run on log-transformed data. Inorganic N is total inorganic nitrogen (NO 3 foliar N concentration across the gradient in woody biomass (Appendix D: Table D2 ). There were no significant relationships between stand biomass and tissue N for the remaining three tree species and fine roots (Appendix D: Table D1 ).
DISCUSSION
The extensive global distribution of savanna and widespread potential for forest encroachment on savanna make C accumulation during savanna-forest transitions a potentially large flux in the tropical C cycle. Our results show that the development of savanna into forest can be a significant C sink due to both the storage of C in woody biomass and the accumulation of C in the upper soil pools. Patterns of N accumulation were similar to those of C, supporting the trend of a coupled recovery of C and N typical of tropical forest succession following a large disturbance (Brown and Lugo 1990, Feldpausch et al. 2004) . Despite the accumulation of total N, however, there was no strong evidence for shifts toward a more open N cycle, in contrast to studies of tropical landscapes recovering from anthropogenic disturbance (Davidson et al. , 2007 . This suggests that fire may create a disturbance legacy of N limitation during savanna-forest transitions.
Evidence for N limitation across forest transitions
In N-limited landscapes, NH 4 þ tends to be the dominant form of inorganic N, but as NH 4 þ becomes more available, a greater proportion is subject to nitrification, and NO 3 À increases disproportionately in abundance. Consequently, extractable soil nitrate can be indicative of increasing availability of soil N (Aber et al. 1989) . In turn, we can expect that nitrate concentration increases with ammonium concentration but generally only exceeds ammonium (i.e., NO 3 À -N : NH 4 þ -N . 1) when N is relatively abundant (Davidson et al. 2007 ). Moreover, when N is abundant relative to plant demand, fractionating pathways such as leaching of nitrate, nitrification, and denitrification can leave behind pools enriched in 15 N. Hence, N pools in N-limited systems are generally depleted in 15 N, assumed to be a result of a conservative N cycle where fractionating transformations and losses are minimal (Martinelli et al. 1999 , Ometto et al. 2006 ).
Using the above metrics, we found evidence for a conservative N cycle, and possibly N-limited conditions in low biomass stands, consistent with other studies on recovering tropical forests , Davidson et al. 2007 . Surprisingly, there was no sign of a strong shift in the N cycle with afforestation, in contrast with other work on secondary tropical forests (Davidson et al. 2007 ). Specifically, there were (1) no increases in NO 3 À -N : NH 4 þ -N ratios with increasing woody biomass in the litter, upper soil, and middle soil layers; (2) no consistent trends between woody biomass and foliar N concentrations, C:N ratios, or d 15 N; and (3) tendencies toward depletion in 15 N across the layers, all of which suggest that a conservative N cycle persists across the gradient of increasing woody biomass (Figs. 3 and 4) . These results contrast with previous work on tropical forest recovery following anthropogenic disturbance. The nitrate concentrations across the gradient were generally lower than values reported for even the most N-poor plots in secondary forest (Davidson et al. 2007) . Additionally, while the soil NO 3 À -N : NH 4 þ -N ratios are similar to those reported in young (,20 years) recovering secondary forest, there is no evidence of a change in those ratios across our gradient, which can be observed after roughly 40 years of regrowth in tropical secondary forests (Davidson et al. 2007) . Conversely, the increase in total inorganic N, the trend toward increases in the concentration of NO 3 À -N, and a positive relationship between foliar N concentration and woody biomass in one woody species suggests an increase in N available to some plants (Fig. 2) ; however, the trends in tissue N are weak compared to other studies on secondary forest and woody encroachment where relative increases in foliar N tend to be significantly greater and emerge at both the individual and plot level (Reich et al. 2001 , Davidson et al. 2007 , Amazonas et al. 2011 , Reed et al. 2012 . Moreover, the concentration of nitrate stays well below levels observed in both early and late successional tropical forests (Davidson et al. 2007) . Consequently, N limitation appears to play a much more persistent role in C sequestration in savanna landscapes than it does in anthropogenically disturbed landscapes that have recently been managed for pasture or agriculture.
The aforementioned studies that demonstrate a resilient N cycle , 2007 , Markewitz et al. 2004 ) differ significantly from this study in one important respect; changes in total soil N across their gradient in recovery are insignificant. Rather, the recovery of the N cycle is due to increasing labile N and subsequent greater amounts of N turning over. In the plots sampled here, a significant amount of total N has accumulated during forest development, but the Table D1. majority of it may be immobilized in the soil N pool, which maintains a conservative N cycle. This is consistent with the trends in soil d 15 N, concentration of inorganic N, and the lack of change in soil C:N across plots ( Figs. 2-4 ; Table 3 ).
One possible mechanism behind the sustained N-poor conditions across the woody biomass gradient is the high volatilization of N relative to P during fires leading to a severely N-depleted condition at the start of forest formation (Kauffman et al. 1994 , Bustamante et al. 2006 . Additional hydrological losses of nutrients following burning may also exacerbate the negative effect of fire on N pools. Though our data suggest a conservative N cycle, we cannot rule out the possibility of other nutrients, such as P or Ca co-limiting forest development (Silva et al. 2013) . Fertilization studies in the cerrado indicate a degree of N limitation of the herbaceous layer (Bustamante et al. 2012 ), but also a strong response to P additions in both herbaceous biomass (Bustamante et al. 2012 ) and litter decomposition (Jacobson et al. 2011) . This is similar to work in tropical secondary forests where both P and N can limit plant growth (Campo and Va´zquez-Yanes 2004, Davidson et al. 2004) . Future studies on the coupled N and P dynamics during forest encroachment would be useful in answering these questions.
Possible causes and consequences of biogeochemical change
Both atmospheric deposition and biological N fixation are likely important input pathways in the accumulation of N. Deposition at these plots can be quite high (;12 kg NÁha À1 Áyr À1 ; Parron et al. 2011) , and the high abundance of N-fixing plants in the cerrado, which have the capacity to nodulate (Sprent et al. 1996) , could provide substantial N inputs. Furthermore, both of these input pathways show characteristic 15 N depletion. If N input through these pathways is retained in the system, they might be responsible for the observed decrease in soil and litter d 15 N across the gradient. This effect was likely reinforced by eliminating fire, which indirectly fractionates N through volatilization of N in aboveground plant tissue and litter, which tends to be 15 N depleted relative to soil, and thus leaves a residual pool enriched in 15 N. Fractionating losses that occur when the system transitions to a more open N cycle are likely to lead to an enriched residual pool over long time scales (e.g., Davidson et al. 2007 ). Thus, the patterns observed here may be capturing the first stage in recovery, where the upper soil layers are becoming depleted in 15 N through increased recycling of plant tissue N into soil organic matter.
The lack of change in soil C concentrations below 25 cm suggests that biogeochemical changes in soil C accompanying forest formation primarily occur in the upper soil layers (Appendix C: Fig. C1 , Tables C3 and  C4 ). It has been established that the contribution of herbaceous roots to deeper soil C is important in both determining total C stocks in grassland-pasture landscapes (Fisher et al. 1994 ) and changing landscape biogeochemistry with forest development (Jackson et al. 2002) . However, over the time scales represented by our plots, whatever changes in herbaceous root biomass and turnover that occurred with forest development did not have a detectable effect on C stored in deep soil stocks. These patterns may change with time if soil C that was accumulated from the turnover of fine roots of grass is respired and not replaced by root turnover of woody plants in the forest.
The changes in N in the upper soil layers relative to the deeper soil pools suggest that in the absence of underlying edaphic variation, vegetation can strongly influence N biogeochemistry. Numerous studies have provided evidence for biogeochemical differences between forest and savanna that have been largely due to factors such as topography or bedrock e.g., Haridasan (1992) and Parron et al. (2011) . Accordingly, and justifiably, edaphic characteristics and associated nutrient or water availability have been proposed to play significant roles in determining the distribution of forests within a landscape at the local scale (Haridasan 1992) . However, large areas of forest-savanna boundaries can occur on relatively indistinguishable soil types (Ratter et al. 1978) . We believe that our study provides insight into the biogeochemical processes during forest development in these areas. The exact impact that vegetation can have on increasing nutrient turnover and whether it leads to positive vegetation-nutrient feedbacks relevant to forest development should be pursued in future research.
CONCLUSION
Most discussion of biogeochemistry during savannaforest transitions has been in the context of the two as distinct states, with an assumed discrete or relatively rapid transition. We provide evidence that the transition of biogeochemical characteristics (here defined as C and N pools) tracks this transition. As a result, fire has a long-term effect on the N cycle in a substantial way that allows the persistence of N limitation and maintains a conservative N cycle that can last for decades after fire exclusion.
